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Abstract
The purpose of this thesis work is to study the effect of a ferromagnetic particle on an induced
solenoid’s magnetic field. Solenoids are wound coils that are charged with current to induce a magnetic
field. The placement of a particle inside a solenoid interacts with the coil’s magnetic field and therefore
changes the coil’s field behavior. This work comprises a parametric study of how particle size and
placement within a solenoid affect the solenoid’s magnetic field. A model of the coil and particle is
created and parametrically studied using the computational software ANSYS. The results from this
simulation help to understand exactly how the size and placement of the particle affects the coil’s
magnetic field, and how this field differs from the coil’s induced field. Since solenoids are used in various
engineering applications such as switches, actuator valves, and sensors, this work serves to better
understand solenoid function for use in industrial applications.
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1. Background
1.1 Electromagnetic Principles
Electromagnetism is a field of physics that describes how magnetic fields and electric fields
interact and rely on one another. A set of equations called Maxwell’s Equations comprise the
fundamentals of electromagnetism. These four coupled partial differential equations dictate how electric
(E) fields and magnetic (H) fields affect one another given different boundary conditions.
Ampere’s Law is one of Maxwell’s equations that relates magnetic and electric fields in
magnetostatic (when the magnetic field is not changing with respect to time) conditions. Ampere’s Law
states that “the magnetic field created by an electric current is proportional to the size of that electric
current with a constant of proportionality equal to the permeability of free space” [1]. The equation for
Ampere’s law is illustrated below:
∫𝑆(∇ × 𝑯) ∙ 𝑑𝐬 = ∫𝑆 𝑱 ∙ 𝑑𝐬 =I

(1)

where the gradient (partial derivative with respect to x, y, and z) of H, the magnetic field, is related to J,
the current density which is therefore related to I, the induced current. In other words, magnetic fields are
induced as a result of an electric current, and the resulting magnetic field is proportional to the magnitude
of current. The direction of the surface (the term ‘ds’ in eq. 1) between H and J must comply with the
Right-Hand-Rule (RHR). The Right-Hand-Rule may be demonstrated with the use of one’s right hand to
indicate the direction of the magnetic field given the direction of the electric field, and vice versa. One
form of the Right-Hand-Rule dictates that if one curls their right hand’s fingers in the direction of
excitation, their thumb points in the direction of the magnetic field. Therefore, Ampere’s Law and the
Right-Hand-Rule can be used to describe the direction of resulting magnetic field lines induced from a
circular loop of wire, as shown below.

Figure 1: Use of Right-Hand-Rule for resulting magnetic field lines due to charged loop of wire
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In Fig. 1, it should be noted that ‘B’ stands for magnetic flux density. Magnetic flux density is directly
related to magnetic field, H, by a constant, μ, the magnetic permeability. Therefore, the B lines in Fig. 1
are indicative of the charged loop’s magnetic field lines.
If various loops of current are combined together, as in a solenoid, the result is a uniform
magnetic field traveling through the inside of the coil. In this way magnetic field of a solenoid resembles
that of a bar magnet. The magnetic field through a solenoid (on the left) and bar magnet (on the right) are
compared below in Fig. 2.

Figure 2: Magnetic field lines through a solenoid (on the left) and bar magnet (on the right) [2]
The smaller field lines that wrap around the individual windings of the solenoid in Fig. 2 are referred to as
eddies, and are the result of a loosely-wound solenoid. This is because each turn of the solenoid is not as
close to the adjacent turn (or a larger coil pitch), and therefore the field wraps around the coil (depicted by
the RHR in Fig. 1). When the solenoid is more tightly-wound, eddies around the coil turns dissipate and
the resulting magnetic field through the inside of the coil is uniform and more closely resembles that of a
bar magnet.
The Biot–Savart law dictates the direction of the magnetic field based on the direction of current.
It states that the “differential magnetic field dH generated by a steady current I flowing through a
differential length vector dl” [2] and is represented by the equation below:
𝑑𝑯 =

̂
𝐼 𝑑𝒍 × 𝑹
4𝜋 𝑅 2

(2)

where H is the magnetic field, I is the current, dl is the current’s direction vector, and R is the distance
between dl and the observation point [2]. The cross product of dl and R can be found using the RHR.
Using the Biot Savart law, the magnetic field inside a solenoid can be determined (see Appendix 5.1):
𝑩 = 𝜇𝑛𝐼 𝒛̂

(3)

where B is the magnetic flux density, I is the current, μ is the permeability, n is the turn density (#
turns/coil length), and z is the direction through the coil. This equation holds under the assumption that
the coil’s length >> the coil’s radius.
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1.2 Ferromagnetic Particle Interference

___

Solenoid electromagnets can contain either an air core (when the
solenoid is “empty”) or a ferromagnetic core in which the coil is wrapped
around a hollow cylinder made of ferromagnetic material.
Ferromagnetic cores, typically iron or nickel, are used to magnify the
magnetic field inside the coil. This behavior is due to the fact that the
atoms in ferromagnetic materials have permanent magnetic dipole
moments, while the atoms in non-magnetic materials do not [2]. These
magnetic moments align to the direction of an external magnetic field
as shown in Fig. 3 and Fig. 4 [2].
The behavior of ferromagnetic materials is quantified by the
material’s high relative permeability, μr. The permeability constant, μ,
used in eq. (3) is equal to the product of the permeability of a vacuum,
μ0 (= 4π * 10-7), times the material’s relative permeability, μr. Air,
among many other materials, is nonmagnetic. Therefore one can
assume that μr = 1 and therefore μ = μ0. However, since

Figure 3: Magnetic field lines in a nonmagnetized versus magnetized domain [2]

ferromagnetic materials have a considerably larger μr, the resulting
permeability, μ, is greater than μ0.
As a result, materials such as iron and nickel are able to
amplify existing magnetic fields (such as that of the interior of a
solenoid). When these materials manifest as smaller, spherical
particles as opposed to a coil’s core, they effect the solenoid’s field
on a more localized scale. Ferromagnetic particles in pre-existing
magnetic fields act as magnets themselves by amplifying and pulling
/ “bending” the magnetic field lines as shown in Fig. 4. Likewise, the
placement of a ferromagnetic particle in the induction coil amplifies
the magnetic field inside the coil locally around that particle.
Further investigation into the larger-scale effect that the presence of
a ferromagnetic particle has on the solenoid’s magnetic field serves

Figure 4: Magnetic field lines through a
ferromagnetic particle

as the premise for this work.
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1.3 Initial Parameterization Progress
The original plan for this project was to parameterize coil parameters and optimize the magnetic
field output from the model using the software SIMULIA Isight. However, due to the complications with
Isight interacting with ANSYS workbench files, the project proceeded onward using only the parametric
abilities of the ANSYS software for analysis. Isight is a software automation system that can be
configured with engineering software applications to automate and optimize testing/analysis. Isight can be
configured with applications such as MS Excel, Abaqus, or ANSYS to automate their execution and
analyze their results. Isight can parameterize models built in these external applications and perform a
Design of Experiments or a model-constrained optimization process to yield optimal design results.
In this work, it was planned to have Isight run the ANSYS
computational model with its parameters / constraints and output
the model parameters that yield the model’s optimal design. This
process is depicted by Fig. 5, where the software reads the
ANSYS workbench application, performs an iteration of the
optimization and writes the new results to the ANSYS file to
repeat. In the case of this thesis, the model consists of an inductive
coil and particle, the various parameters consist of the particle’s
size and position inside the coil, and the optimal result is highest
amplification of magnetic field strength in the coil. The thesis aimed

Figure 5: Isight workspace depicting
communication between Isight task
and external ANSYS application

to analyze the results obtained from the Isight parameterization.
Isight uses SIMULIA Execution Engine (formerly known as Fiper) to temporarily store an
archive of the ANSYS Workbench project file in a remote folder as a .zwp file. This .zwp file serves as
Isight’s input file, and the contents of the .zwp file are extracted, simulated, and output to a subsequent
output file. These input and output file paths are set in Isight. Yet still, upon initial testing, Isight seemed
to struggle to communicate with the ANSYS Workbench file archive. Unfortunately, there are few
resources available from SIMULIA or online users, so the communication errors could not be mitigated
and the Isight configuration could not be completed.
Isight offers a comprehensive DOE/optimization analysis that has greater analysis capabilities
than the engineering software itself. Not only can Isight save computational time by optimizing model
parameters, the software uses thorough analysis methods to understand and interpret results. However,
due to the complications detailed above, the project proceeded using only the parametric abilities of the
ANSYS software for analysis.
6

2. Computer Simulation Setup
2.1 ANSYS Electromagnetics Suite
ANSYS is a computational software that can be used to model and analyze engineering systems.
The software uses Finite Element Analysis (FEA) and physics-defined boundary conditions to create a
mesh of the model, then analyzes each grid point on the model’s mesh in a step-wise fashion that is able
to create a large-scale model of the system’s behavior.
ANSYS can be used in applications such as thermal analysis, mechanical/structural analysis, and
electromagnetic simulations. This work utilizes ANSYS’s Electromagnetics Suite which uses Maxwell’s
equations and other electromagnetic principles to analyze systems. Within ANSYS Electromagnetics,
there are various analysis types such as high-frequency, electrical, circuit design, and 2D/3D Maxwell.
This thesis work uses 3D Maxwell under magnetostatic (non-time varying magnetic field) conditions.

2.2 Model Setup
In ANSYS Maxwell, a 3D model of a helical copper
coil was created to represent an induced solenoid, shown in Fig.
6. In Fig. 6, the coil is depicted by the orange figure. The length
of the coil is 0.12 mm, the radius of the coil is 0.05mm, and the
wire gauge (or diameter of the cross-section of the wire) is 0.02
mm. It should be noted that the exact size of this model is trivial
and can be scaled downward or upward to receive similar
results. The small size of this model is used solely for
computational simplicity.
The cylindrical “arms” at the two ends of the coil
serve as the excitation inlet / outlet for the coil. In this model,
the coil is charged with 1 A of DC current. The black arrows

Figure 6: ANSYS model of coil + particle

in Fig. 6 at the two arms of the coil represent the direction of current into and out of the coil. Using the
right-hand-rule, one can curl the fingers of their right hand in the direction of the current through the
windings of the coil to find that their thumb points towards the positive x-axis (see the coordinate axis in
Fig. 6). Thus, the field inside the coil points into the length of the coil. The grey sphere at the origin of the
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coordinate axis in Fig. 6 represents the ferromagnetic particle. The sphere is modeled as the material iron
as is 0.015 mm in diameter in Fig. 6.
This parametric study examined the following parameters: the x and y position of the particle and
the particle’s radius. This study allowed these three parameters to be swept across a range of values and
for the simulation to be run with each combination of parameters. In this model, the x-position of the
particle is defined as the variable “xpos”, the y-position of the particle as “ypos”, and the radius of the
particle as “rad”. The xpos variable is swept from 0 mm (at the entrance of the coil, shown in Fig. 6), to
0.6 mm (halfway through the coil), to 0.12 (at the exit of the coil). The ypos variable is swept from -0.1
mm (slightly off-center to the central axis of the coil), to 0 mm (directly along the central axis of the coil,
shown in Fig. 6), to +0.1 mm (slightly off-center in the other direction of the coil’s central axis). Lastly,
the rad variable is swept from 0.005 mm, to 0.010 mm, to 0.015 mm. Therefore, with 3 values for each
variable and 3 variables, the simulation is iterated and solved a total of 27 times. The variable assignment
and sweep is depicted below in Fig. 7.

Figure 7: Table of variable sweep assignments in ANSYS

The exact order of all 27 run iterations is illustrated in Appendix 6.2. After creating the geometric
model of the coil and particle with material properties and design parameters, properly exciting the coil,
assigning the parametric variable sweep, and defining the model’s mesh, the simulation is ready to be
analyzed.
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3. Results
3.1 Magnetic Field Results
As discussed previously, the magnetic field lines of a
solenoid resemble that of a bar magnet. This is shown further
by a cut-section of the coil in Fig. 8. The two columns of
circles represent the two cut-faces of the cylindrical solenoid
as if it was sliced transversely down the middle. Fig. 8
illustrates the coil’s magnetic field behavior; the magnetic
field lines point downwards through the middle of the solenoid
and curve around the bottom of the coil and circle back
upwards to the top of the coil. Both the size and color of the
arrows scale to the magnitude of the magnetic flux intensity
(B). Therefore the magnetic field is strongest and uniform
inside the middle of the coil and decrease significantly in
magnitude outside the coil.

Figure 8: Magnetic Field Lines Through
Cut-section of Solenoid

The results for a particle in the solenoid are shown in
the vector magnetic field plot in Fig. 9. In this simulation run,
the particle is at x=0.0mm (top of the coil), y=0.0 mm (central
axis of the coil), and rad=0.015 mm. Notice how the magnetic
field behaves the same on a larger scale as it would with no
particle. On a more local scale, though, we notice how the
particle interacts with the field by bending it and amplifying it
(shown in Fig. 10). The
direction of the solenoid’s field
lines through the iron particle
look similar to those of Fig. 4,
which confirms the validity of
Figure 9: Magnetic Field Lines Through this modeling. Next, the
Cut-section of Solenoid with Particle
particle’s magnetic field
interference will be compared
for each of the 27 simulation

Figure 10: Magnetic Field Lines
Ferromagnetic Particle

trials.
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The plots below illustrate the magnitude of the magnetic flux density along the length of the coil:

Figure 11: Magnetic Flux Density along Length of Coil for y=0 mm

Figure 12: Magnetic Flux Density along Length of Coil for y = +0.01 mm
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Fig. 11 and Fig. 12 illustrate 18 of the simulated 27 trials. Fig. 11 depicts the magnetic flux
density along the length of the central axis of the solenoid (y=0.0 mm) for a particle of size 0.005 mm,
0.010 mm, and 0.015 mm and at the entrance of the coil (x=0 mm), halfway through the coil (x=0.06
mm), and at the end of the coil (x=0.12 mm). Fig. 12 illustrates the magnetic flux density along the line
y=+0.01 mm for the 9 cases (3 radii, 3 x positions) in which the particle is positioned along this line.
Assuming that the solenoid is symmetrical across its central axis (x-axis), the results for the particle at y=
-0.01mm should mirror the results for the particle at y= +0.01mm. In the plots above, the peaks on the left
of the graph represent when the particle is at the end of the coil (x=0.12 mm). The peaks in the middle
represent when the particle is halfway through the coil (x=0.06 mm), and the peaks at the right end of the
graphs represent when the particle is at the entrance of the coil (x=0.0 mm). Thus, the line drawn through
the coil runs right to left on these plots.
In each of the three regions of the graph (left, middle, and right), there are three different peaks.
These various peaks represent the three particle radii tested: 0.005 mm, 0.010 mm, and 0.015 mm. From
the labels on Fig. 11 and Fig. 12 one may observe that the narrowest peaks represent the smallest radii
particle, while the longest peaks represent that of the largest radii particle. Also, notice that the top of the
peaks (or the “plateau” region) seems to follow a linear trend, either a horizontal line of slope=0 halfway
through the coil, or a linearly increasing or decreasing peak at the entrance / exit of the coil. The
maximum values for Fig. 11 and 12 are depicted below in Table 1 and Table 2.
Peak Magnetic Flux Density for Particle placed at y=0.0 mm measured along line y= 0.00 mm:
xpos=0.0 mm

xpos=0.06 mm

xpos=0.12 mm

rad=

rad=

rad=

rad=

rad=

rad=

rad=

rad=

Rad=

0.005 mm

0.01 mm

0.015 mm

0.005 mm

0.01 mm

0.015 mm

0.005 mm

0.01 mm

0.015 mm

74.81 mT

66.32 mT

75.19 mT

103.52 mT

111.13 mT

100.38 mT

74. 22 mT

72.10 mT

79.41 mT

Table 1: Magnetic Flux Density for Particle at y=0 mm and measured at y=0 mm

Peak Magnetic Flux Density for Particle placed at y=+ 0.01 mm measured along line y=+ 0.01 mm:
xpos=0.0 mm

xpos=0.06 mm

xpos=0.12 mm

rad=

rad=

rad=

rad=

rad=

rad=

rad=

rad=

Rad=

0.005 mm

0.01 mm

0.015 mm

0.005 mm

0.01 mm

0.015 mm

0.005 mm

0.01 mm

0.015 mm

68.87 mT

75.88 mT

75.13 mT

111.52 mT

103.15 mT

100.92 mT

123.54 mT

77.15 mT

83.59 mT

Table 2: Magnetic Flux Density for Particle at y= +0.01 mm and measured at y= +0.01 mm
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Lastly, the magnetic flux density though the central line of the solenoid (y=0 mm) is measured for
the 9 cases in which particles are positioned along the line y=0.01 mm, shown in Fig. 13 below.

Figure 13: Magnetic Flux Density along central line of Coil for y-position of particle = +0.01 mm
In other words, Fig. 13 examines how the field is affected very close to the particle instead of
directly through it. Fig. 13 can be compared to Fig. 12 to analyze how the magnetic field due to a particle
placed at y= +0.01 mm is effected (1) through that particle (at y= +0.01 mm) and (2) directly next to the
particle (at y=0.0 mm). Notice from Fig. 13 how the magnetic flux decreases for cases in which the
particle radii equals either 0.005 mm or 0.010 mm consistently along the length of the coil (for cases x=0
mm, x=0.06 mm, and x=0.12 mm). However, the magnetic flux for the particles of radii size 0.015 mm
consistently increases for all cases along the length of the particle. This is attributed to the fact that if the
particle of radius 0.015 mm is placed at y=0.01 mm, then the edges of the particle touch the line y=
-0.005 mm and y= + 0.025 mm. Therefore, at the line y=0 mm, the field is still going through the particle
as opposed to just next to it. Thus, the results from Fig. 13 makes sense in that the field is still increasing
particles of radius is 0.015 mm at y= +0.01 mm when measured along the line y=0.0 mm.
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For reference to this parametric study, the magnetic flux density inside an empty solenoid can be
calculated using eq. (3).
In this equation,
1. μ0= 4π * 10-7 and μr=1 (for air / vacuum region), so μ=μ0.
Additionally,
2. I=1 A, N=5 turns, and L=0.12 mm.
Thus, the resulting magnetic flux density, B, for the inside of an empty solenoid with prescribed length,
radius, and excitation is equal to 0.05235 Teslas, or 52.35 mT.

3.2 Analysis
The results in Section 3.1 help to draw conclusions about an external field’s behavior due to a
ferromagnetic particle. First, it is confirmed from Table 1 and Table 2 that the magnetic field inside the
solenoid increases when a particle is present. The baseline magnetic flux density without a particle was
calculated to be 52.35 mT. On the other hand, the peak magnetic flux through the particle positioned
halfway through the coil (both in the center at y=0 mm and off-center at y= +0.01 mm) is 111.52 mT.
This peak value is more than double that of the empty solenoid. It should be noted that the relative
permeability, μr, of iron is 4000. The peak value is about 2.13 x that of the empty coil, not nearly 4000 x .
This is attributed to the fact that the magnetic field lines still travel mostly through air (with a lower
permeability), and only concentrate through the particle for a small portion of length.
Another interesting aspect of the field’s behavior in Fig. 11 and Fig. 12 is that the peak is highest
for the particle when it is located halfway through the coil (100 mT – 111 mT) as opposed to at the
entrance or exit of the coil (66 mT – 83 mT). This conclusion makes sense as the field is most uniform
and most developed in the middle of the coil. As the field enters / exits the coil, its magnitude is still
changing significantly due to the effect of the charged coils. This ties into the validity of the definition of
a “solenoid”. In order to be considered a true solenoid and in order to be able to apply eq. 3, the length of
the solenoid must be significantly larger than the coil’s radius ( l >> r). In our case, the length of the
solenoid is 0.12 mm, and the radius is 0.05 mm. Therefore the length is more than twice the radius of the
solenoid and the assumptions stands. However, the length of the coil could be extended to further solidify
this assumption and obtain a truly uniform magnetic field in the middle of the coil.
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As mentioned above, the magnetic flux density should be highest in the middle of the coil and
lower at the entrance/exit. An exception to this observation exists for the case of ypos= +0.01 mm, xpos=
0.12 mm, and rad= 0.005 mm (measured along y= +0.01 mm). The magnetic flux density peak for this
trial is equal to 123 mT and is far higher than the expected 66-83 mT range for the corresponding xpos=
0.12 mm (or xpos= 0.0mm) placement, and even higher than the 100-111 mT range for the middle of the
coil (xpos=0.06 mm), shown by the cyan-colored line in Fig. 12. This discrepancy is attributed to random
solving error in the simulation. It is possible that this analysis point was located at a coarser region of the
model’s mesh, and therefore was calculated less precisely than the points around it. This issue could be
further investigated by refining the model’s mesh to analyze the particle’s new spike. For this study’s
purposes and given the unusual nature of this data point (only occurring once out of 12 similar tests), this
data point will be treated as an outlier.
Another notable observation from Fig. 11 and Fig. 12 is that the smallest particles seem to have
higher magnetic flux peaks than that of the larger particles at the same position. One may note from these
figures that the peak for the particle of radius 0.005 mm when x=0.06 mm (in the middle of the coil) both
for when y=+0.01 mm and when y=0.0 mm is higher than those corresponding positions for the larger
radii particles. Although the magnetic flux spikes for the particles placed at the entrance or exit of the coil
have higher absolute peaks for the larger particles, notice that the lines for the small particles are still
consistently above those for the larger particles. Both particles have the same change in magnetic field (or
slope), but the larger particles cover a larger area and thus allow the magnetic field to increase for a
longer period than the small particles. Even so, the fact that the magnetic field just before the field enters
the smaller particles is equal to that of the field inside the larger particle is worth noting.
The particular shape of the magnetic flux peaks provides us with information of the field’s
behavior. In Fig. 11 and Fig. 12, one can observe that the magnetic flux peaks through the particles are
approximately linear. The peaks at the coil’s entrance (xpos=0.0 mm) are linearly increasing through the
particle for all radii, and the peaks at the coil’s exit (xpos=0.12 mm) are linearly decreasing through the
particle for all radii. Thus, the slopes for these peaks, or dB/dl, are equal for all radii sizes at the entrance
and exit of the coil both when the particle is at ypos=0.0 mm and ypos= +0.01 mm. Thus the derivative of
B with respect to distance through the particle is linearly increasing or decreasing for the case in which
the particle is at the entrance or exit. In the middle of the coil (xpos=0.06 mm), however, the slope of the
magnetic field peaks for radii 0.010 mm and 0.015 mm (for ypos=0.0 mm and ypos= +0.01 mm) are
constant and equal to zero. The magnetic field peak for the smallest radii particle at this point, though, has
a changing slope throughout the particle.
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From this observation, it seems that the smaller particles experience inconsistencies in the
external magnetic with finer accuracy and magnify these discrepancies more than the larger particles do.
This is also reinforced by the observation from Fig. 11 and Fig. 12 that the magnetic flux spikes through
the smaller particles seem to experience significant, random spikes more often than the largest particle.
These spikes occur at either the beginning or end of the magnetic flux peak, which corresponds to when
the field is either entering or exiting the particle. This could be due to a less uniform spread of magnetic
field though the particle, since the particle is smaller. It is possible that the larger particles have more area
to create a uniform magnetic field inside particle (by aligning the atoms’ magnetic moments as shown in
Fig. 3) than the smaller particles. This could very well be a contributing factor to the volatility of small
particles’ behavior. This phenomena could very well relate to the outlier explained above.
Fig. 13 also provides meaningful information about particle behavior. As explained in Section
3.1, Fig. 13 displays data gathered for the magnetic flux density along the line y=0.0 mm when the
particle is positioned along the line y= +0.01 mm. From Fig. 13, one can observe that the magnetic flux
density decreases significantly just outside the particle (for particle radii 0.005 mm and 0.010 mm). The
magnetic flux next to the particle is in fact lower than that of the empty coil’s magnetic flux density. The
magnetic flux density ranges from 26 mT to nearly 0 mT for the 0.005 mm and 0.010 radii particles,
whereas the baseline magnetic flux density is more than double these values at 52.35 mT. From this, it
can be concluded that the particle locally amplifies the magnetic field through the particle, but pulls from
the surrounding space, therefore decreasing the magnetic field outside the particle.
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4. Summary
4.1 Conclusion
From these results, one can conclude that ferromagnetic particles do, in fact, magnify external
magnetic fields through the particle. This holds true regardless of where the particle is positioned in the
coil. There is no significant difference in peak magnetic flux through the particle if it is positioned on the
center line of the coil or off-center. However, the magnetic flux through the particle is dependent of the
positon of the particle through the length of the coil: the field is strongest and most uniform halfway
through the coil. Next, larger particles amplify the magnetic field more than smaller particles do at the
entrance and exit of the coil. However, smaller particles seem to react in a more volatile manner to the
magnetic field. Therefore, they are more likely to exhibit significant magnetic flux spikes as the field is
entering/exiting the particle. Additionally, although it is known that ferromagnetic materials amplify the
magnetic field inside the material, this analysis revealed that the presence of the ferromagnetic material
decreased the magnetic field around it, seemingly “pulling” from this field. Therefore, this study
investigated the precise effect that a ferromagnetic particle has on the magnetic field of a solenoid on a
localized scale. Important behavior related to particle positioning within the coil and particle size allow
for an increased understanding of how solenoids function and are affected by their environment in real
life.

4.2 Future Steps
In the future, one could further elaborate on this work to study by testing various coil designs and
analyzing how these coil characteristics affect particle interference. These parameters could consist of coil
length, number of turns, radius, gauge, or material. Another aspect of this work that could be embellished
is refining the simulation’s mesh. The mesh of the coils, region inside the coils, and particles could be
made finer and catered to the model’s shapes (cylindrical or trapezoidal mesh) to produce more accurate
and precise results. Lastly, one could expand on this study by performing a transient analysis of this
model in ANSYS. The particle can be simulated to move with a prescribed velocity through the coil. In
this manner, the particle would not have be modeled at various x-positions, since it would be moving in a
line through these x-positions in the transient model.
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6. Appendix
6.1 Derivation of Magnetic Field in Solenoid
1. Derived expression for magnetic field H along axis of circular loop of radius a, z distance away from
center (from Biot-Savart law (eq. 2)).
𝑯 = 𝒛̂

𝐼′𝑎2
2(𝑎2 + 𝑧 2 )3/2

2. Above I’ is current carried by loop  I’=I n dz. Then induced field at point P is:
𝑑𝑩 = 𝜇𝑑𝑯 = 𝒛̂

𝜇𝑛𝐼𝑎2
𝑑𝑧
2(𝑎2 + 𝑧 2 )3/2

3. Express z in terms of θ using following trigonometric expressions:
𝑧 = 𝑎 ∗ tan θ

𝑎2 + 𝑧 2 = 𝑎2 + 𝑎2 ∗ 𝑡𝑎𝑛2 𝜃 = 𝑎2 𝑠𝑒𝑐 2 𝜃

𝑑𝑧 = 𝑎 ∗ 𝑠𝑒𝑐 2 𝜃𝑑𝜃

4. Next, B is integrated from θ1 to θ2:
𝜃2

𝜇𝑛𝐼𝑎2
𝑎 ∗ 𝑠𝑒𝑐 2 𝜃𝑑𝜃
𝑩 = 𝒛̂
∫ 3
2
𝑎 ∗ 𝑠𝑒𝑐 3 𝜃
𝜃1

𝑩 = 𝒛̂

𝜇𝑛𝐼
(𝑠𝑖𝑛𝜃2 − 𝑠𝑖𝑛𝜃1)
2

5. If length l of solenoid is much larger than radius a, then points P far away from the solenoid’s ends,
θ1~ -90° and θ2~ 90°. Under the assumption that l >> r, the above equation reduces to the more wellknown equation of magnetic flux density for a solenoid (eq. 3):

𝑩 = 𝜇𝑛𝐼 𝒛̂
where z is the direction vector through the length of the solenoid, μ is the permeability constant, n is the
turn density (# turns N / length l ), and I is the current.
[2]
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6.2 Parametric Iterations for Model Setup

Figure A1: Table of Parametric Iterations for Model setup
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6.3 Magnetic Field 3D Contour Plots for various Particle x-Positions

Figure A2.1: Position of particle at entrance of coil. 3 different trend lines represent 3 y-positions.

Figure A2.2: Position of particle halfway through coil. 3 different trend lines represent 3 y-positions.
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Figure A2.3: Position of particle at end of coil. 3 different trend lines represent 3 y-positions.
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